ABSTRACT: We study wild type and mutants of the A and B domain of protein G using all-atom Go-models. Our data substantiate the usefulness of such simulation for probing the folding mechanism of proteins and demonstrate that multifunnel versions of such models also allow probing of more complicated funnel landscapes. In our case, such models reproduce the experimentally observed distributions of the GA98 and GB98 mutants which differ only by one residue but fold into different structures. They also reveal details on the folding mechanism in these two proteins.
■ INTRODUCTION
Anfinsen's seminal experiments 1 on denaturation and refolding of ribonuclease A showed that proteins can fold spontaneously into their active structure. This implies that the threedimensional structure of a protein is encoded in its sequence of amino acids. Correspondingly, one finds often that homology between protein sequences implies similarity among their structures. This observation is the basis of many present structure prediction algorithms, but not without counter examples. Recently, Orban, Bryan, and co-worker performed a set of mutation experiments, 2, 3 starting from the A and B domains of protein G (GA and GB), that led to proteins with sequence identities over 90% but distinct structures and functions. In the extreme case (GA98 and GB98), these proteins differed by only a single residue that acts as a switch between the two structures.
2 Such behavior is difficult to understand in a simple funnel picture 4, 5 which assumes that the free energy landscape has a "funnel"-like shape when projected onto a suitable order parameter (often the number of native contacts), with multiple possible folding pathways leading to a unique native state.
The mutation experiments of Bryan and Orban suggest an extension of this picture to a double funnel model in which the mutations decide on the relative weight of the two funnels, where in the extreme case a single residue acts as a gatekeeper between the two basins of attraction. This is an intriguing concept because it would suggest that the sequence of amino acids in a protein may not only contain information on the native structures but also on other structures related to the evolutionary history or future of a protein (a protein may accumulate mutations that may not change its present structure but together with additional mutations could lead to new structures) or correspond to kinetically important intermediates. 6, 7 In the case of GA98, the competing structure (resembling the B domain of protein G instead of the A domain) is also observed experimentally with a certain, but low, probability. 8 However, in general, the competing, dormant, structures appear with little probability and it is experimentally difficult to test whether a given protein can take potentially an alternate structure given different environmental conditions or further mutations.
These limitations do not exist in computer simulations, which allow, in principle, mapping the free energy landscape of a protein and exploring its basins of attraction or the connecting transition states. Unfortunately, computer simulations that probe the fundamental processes of folding, binding, and aggregation of proteins or their interaction within a cell are extremely difficult for realistic protein models: allatom models lead to a rough energy landscape with a huge number of local minima separated by high barriers. The resulting increase in computational costs increases exponentially with the size of the protein . Although this problem can be  alleviated with use of sophisticated simulation techniques such  as parallel tempering,  9,10 multicanonical sampling,  11 or other  generalized ensemble techniques  12 by Harold Scheraga  13,14 and  others (for a recent review, see, for instance, ref 15) , it limits the size of proteins that can be studied, even if coarse-grained models 16 are used. If the interest is not in predicting new structures, but understanding the folding mechanism of proteins with known structures, the problem can be lessened by using all-atom or simple C α Go-models, as introduced Brooks, 17 Onuchic, 18−20 and others. 21−25 The underlying idea in all Go-models is to favor energetically the formation of contacts that are observed in the (known) native structure of the protein over that of other contacts; hence, these models are especially suitable for simulating proteins with a single folding funnel.
Our interest is in proteins with a more complex free energy landscape. For these cases, it was recently proposed 26 to extend Go-models such that the contacts as found in two distinct structures are energetically favored. In the present paper, we explore what we can learn from such Go-model simulations on folding of the A and B domains of protein G, whose native structures are shown in Figure 1 . For this purpose, we study the folding mechanism, free energy landscape, and transition states of the wild types of these two proteins and compare our results with the GA98 and GB98 mutants that differ in only a single residue (see also Figure 1 ).
Our interest is in both probing the differences between wild type and mutant and testing the reliability of our model. For the latter purpose, we simulate the A domain (B domain) with an all-atom Go-model that favors the contacts found in the native structure of the B domain (A domain). We find that our all-atom Go-model seems to distinguish between a sequence that "fits" a certain fold and one that does not. Simple Gomodels that have only a single funnel are compared with the extended models that can also model more complicated landscapes. Although the simple all-atom Go-models allow probing of the folding mechanism of the wild type GA and GB proteins, their use is limited for the mutants GAS and GB. Only the modified versions correctly reproduce the experimental observation that GA98 samples both the GA and the GB fold, and GB98 samples only the GB fold, albeit both sequences differ only in a single residue. We propose a mechanism that explains the differences between the two mutants.
■ METHODS
Our simulations rely on the all-atom Go-model recently introduced by the Onuchic lab. 20 In this model, the energy of a protein configuration is given by (1)
The harmonic term accounts for chain connectivity, the second term represents the bond angle potential, and the potential for the improper and planar degrees of freedom is described by the third term. Simulation Details. To model the wild type CFr protein and its mutant, we use the implementation of the above energy function by SMOG (structure-based models in Gromacs). This publicly available web server, located at http://smog.ucsd. edu, 27 accepts pdb files as input and returns topology and parameter files needed to set up the corresponding Go-model simulation in the Gromacs program package. 28 Given a reference configuration, SMOG generates topology and other input files that allow an immediate simulation of the protein if only a single funnel is assumed. In the cases that we assumed a more complex topology of the energy landscape, we edited the topology files by merging the information (i.e., contacts and dihedral maps) of two funnels. The few contacts that appeared in both funnels are treated separately by setting their energy to zero. In this way, we avoided additional roughness of the energy landscape from competing interactions resulting from these contacts.
We use Gromacs 4.5.3 28 with Langevin dynamics, starting with an extended protein placed in a cubic box with minimal distance of 1 nm from protein to the box walls. The time step is 0.0005, and we used 2 × 10 8 steps for production runs. For different systems, we use different temperatures in the 102− 125 range, which is in all cases close to the folding temperature, that is, allowing the protein to fold and unfold. The corresponding values are given in the text. Note that time and temperatures are given in reduced units because our force 
■ RESULTS
We first present our results from Go-model simulations of the wild types of A and B domain. In Figure 2a ), we show for the A domain the root-mean-square deviation (rmsd) to the PDB structure as a function of simulation time. The frequent changes between configurations with rmsd below 3 Å (i.e., folded configurations) and such with rmsd above 15 Å indicates that our simulation is with T = 125 (in reduced units) at a temperature that is close to the folding temperature. The same is true for our simulation of the B domain at T = 110, shown in Figure 2b ). The corresponding plots of the free energy as a function of the number of native contacts at these two temperatures in Figure An advantage of all-atom Go-model simulations over that relying on physical force fields is the ability to sample with high statistics the free energy landscape of large proteins, such as ours at the folding temperatures. This allows one to probe the folding mechanism of proteins. In Figure 4a , we show for GA the free energy landscape at the folding temperature as a function of the rmsd and the number of native contacts. The Lshaped landscape indicates that first, the rmsd decreases rapidly with an increasing number of contacts, but stays low and decreases little further once ≈100 contacts are formed. Clearly visible is a transition area separating the two regimes of folded and unfolded states. More details on the folding mechanism can be derived from Figure 4b , where the free energy is plotted as function of the number of native contacts and relative contact order (RCO) parameter, 29 defined by (2) where N is the total number of contacts and L is the total number of residues: Δ ij = 1 if residues form contact, and Δ ij = 0, otherwise. The two regions appear also in this plot, with the unfolded region characterized by a number of native contacts below 100 and a RCO of 0.06, and the folded region has an increased RCO of 0.08. This indicates that initially, local contacts are formed, and once a certain number is reached, long-range contacts are formed. This is a common scenario for helix bundles, 32, 33 consistent with a framework model 30, 31 that assumes as a first step formation of helices with their shortrange contacts resulting from hydrogen bonding. In a second step, these helices arrange each other and form long-range contacts with such between the N-and C-terminal helices forming after such between the terminal and the central helix (data not shown).
These interhelical contacts lead to the observed increase in the RCO. This picture is supported by our analysis of transition states shown in Figure 6 and discussed later. This final folding step by arrangement of the three helices is connected with an increase in the side-chain contacts, as can be seen from Figure  4c . In this figure, the free energy is plotted as a function of the main-chain contacts (i.e., contacts only between backbone atoms) and side-chain contacts (contacts that involve side-chain atoms). Once the number of main-chain contacts grows above ≈30, the number of side-chain contacts increases rapidly, whereas below this threshold, the number of side-chain contacts grows only slowly. The corresponding free-energy landscapes for the B domain are shown in Figure 4d −f. The free energy as a function of the number of native contacts and rmsd is less L-shaped than for the A domain. The transition happens at a larger rmsd value (≈10 Å for GB compared to ≈7 Å for GA), and the rmsd decreases strongly, even in the folded region with an increasing number of contacts. Note also that the two regions are more separated than in the GA case. This can also be seen in the free energy landscape projected on contact order and number of native contacts. There is a very sharp transition between a region of a small number of contacts and a low contact order and a region where the contact order is much larger and stays constant with an increasing number of contacts. The larger values of the contact order result from the β-sheets in GB that are inherently nonlocal.
Formation of the N-terminal β-hairpins (S1 with S2) seems to be the limiting step in the folding process, as can also be seen from transition states in Figure 6 . Once formed, the hairpin seems to initiate formation of the S4 strand, followed by the S3 strand. The helix is formed and dissolves intermediately, but is stable only once it is in contact with the four β-sheets. As in the case of GA, side-chain ordering and formation of side-chain contacts seem to happen only after it has assumed its fold. The sequence of events is somehow different from the one observed in coarse-grain simulations of the protein by the Kolinski lab, 34 which found that folding starts with formation of the Cterminal hairpin (S3−S4), followed by contacts of this hairpin with the helix. A third step is the formation of the N-terminal hairpin S1−S2, followed by completion of the correct fold with formation of the S1−S4 contacts. It is not clear to us whether these differences result from the differing dynamics (Monte Carlo moves versus molecular dynamics) or from the choice of force fields.
An inherent problem with Go-model simulation is that the energy function is not physical. By energetically favoring contacts that appear in the native structure, one already makes assumptions on the folding mechanism; hence, there is a danger that the observed folding mechanisms are artifacts of the energy function. To probe how much the form of our energy function influences our results, we made the following test: We took the GA (GB) sequence and forced it into the GB (GA) fold. For this purpose, we started with the GB (GA) fold and changed the sequence of amino acids in 47 subsequent in silico "mutations" from GB (GA) to GA (GB). After each "mutation" done with Modeler, 35 the protein configuration was minimized carefully to avoid steric clashes while at the same time preserving the parent fold. We used the contacts in the sogenerated two configurations to derive two all-atom Gomodels, which we call GAGB and GBGA, that enforce for the GA sequence the GB fold as the lowest-energy state and vice versa for the GB sequence the GA fold. We then compared these artificial Go-models with the realistic ones, GAGA and GBGB, in which the GA (GB) sequence folds into the GA (GB) fold. In Figure 5 we contrast the free energy landscape as a function of native contacts at the respective folding temperatures for GAGA with GBGA, and for GBGB with GAGB. The inset displays the same quantities as the function of the number of native main chain contacts. Note that in both cases, the free energy barriers between the folded and unfolded states is substantially lower, and the transition is broader and less pronounced. The difference is especially prominent in the free energy as a function of main-chain native contacts. We observe such behavior also in all other free energy plots that we have considered (data not shown).
Although the folding mechanisms did not change, we find a less clear order in that long-range contacts are formed. This can also be seen in the distribution of transition states displayed in Figure 6 . In this figure, we show for GAGA, GBGA, GAGB, and GBGB the distribution of folded states, transition states, and denatured states as functions of the rmsd. From an analysis of Figure 4 and the corresponding plots for GAGB and GBGA (not shown), we define here a state as a transition state if its free energy lies in the range close to the maximum free energy as a function of the number of native contacts. Structures from regions with smaller or greater free energy are referred to as unfolded or folded, respectively. Note that the Y axis shows relative weights; that is, the area under each curve is set to 1. The total frequency of each group is on top of the respective curves. Also shown in the figures are typical folded (top or bottom) and transition state (left or right side) configurations. Note that not only is the absolute frequency of the transition states higher in GBGA (GAGB) than in the native GAGA (GBGB), but also the distribution is broader.
The transition states and folded states themselves appear to be less defined for the artificial models. We believe that this is because the sequence of a protein also optimizes the side chain contacts in its native state. Forcing the GA (GB) sequence into the GB (GA) fold leads during the late stages of the folding process to a large number of competing non-native interactions that lead to the broadening of the transition state distribution; hence, interestingly, our all-atom Go-model seems to distinguish between a sequence that "fits" a certain fold and one that does not.
We now extend our analysis to the two mutants GA98 and GB98, in which the GA and GB sequences are mutated toward two sequences that differ only in a single residue (45LEU in GA98 vs 45TYR in GB98), but keep both their original fold and function. In Figure 7a and b, we show the free energy landscape as a function of the number of native contacts, Q, for GA98 and GB98. The inset shows the same quantity as a function of the main chain contacts only. Data are again from a simulation at the folding temperatures (T f GAGA = 125 and T f GB98 = 110). The position of the free energy barrier for GA98 is shifted to the right of that of GA, and its height is raised by about 1 k B T. On the other hand, for GB98, the barrier is slightly lower and shifted to the left of that in GB. These shifts result from the differences in the number and kind of side-chain contacts. When looking into the free energy as a function of the main chain contacts, the shifts are smaller, and for Ga98, the barrier height differs little from that of GA. On the other hand, the barrier in free energy as function of main chain contacts is lowered for GB98 by about 1 k B T over GB. Note that for the wild types (GA and GB), the height of the barrier differs little between the case in which the free energy is projected onto the total number of native contacts and the case in which it is projected onto the number of native main-chain contacts.
On the other hand, there are larger differences between the two cases for the mutants (GA98 and GB98). This indicates that arrangement of side chains plays a more important role for the folding of the mutants than for that of the wild types. We remark that unlike for the wild types, the corresponding figures for GA98GB and GB98GA (i.e., the GA98 (GB98) sequence forced into the GB (GA) fold) look very similar to that of GA98GB and GB98GB (data not shown). This is not unexpected because the two sequences GA98 and GB98 differ in only one residue.
When the energy landscape is plotted as a function of two variables, the transition appears to be sharper for the mutants than for the wild types. This can be seen in Figure 8 , where we plot the free energy as a function of the relative contact order, RCO, and the number of native contacts for (a) GA98, (b) GA, (c) GB98, and (d) GB. The transition region is considerably less populated for GA98 and GB98 than in the corresponding wild types, with the difference more pronounced for GA and GA98. This can be also seen from the frequency in transition states shown in Figure 9 and indicates that for the mutants, folding is more of an all-or-nothing than for the wild type and requires narrow pathways in the funnel landscape.
On the other hand, little difference is found in the folding kinetics. As the wild type (GA), GA98 folds by first forming the three helices that then arrange themselves in the final fold, with contacts between the central helix and the terminal helices forming before that between the two terminal helices. In the same way, GB98 forms as GB first the N-terminal hairpin S1− S2, which then initiates formation of the S4 strand, followed by the S3 strand, and the helix, forming transiently but being stable only after forming contacts with the four β-sheets. The similarity in the transition states between Figure 6 and Figure  9 is consistent with this picture of the same folding mechanisms in wild types and mutants.
By construction, Go-models favor energetically the formation of contacts that are observed in the (known) native structure of the protein over that of other contacts. Hence, these models are especially suitable for simulating proteins with a single folding funnel. However, we can expect in the case of GA98 and GB98 that the free energy landscape is more diverse. Because the two sequences differ only in a single residue, we conjecture that the landscape consists of two funnels, with that specific residue acting as a gatekeeper between the two basins of attraction. Such behavior cannot be modeled with a simple Go-model, and our above presented results for Ga98 and Gb98 assume implicitly that the effects of the secondary funnel are minor. However, in the case of GA98, the competing structure (resembling the B domain of protein G instead of the A domain) is also observed experimentally, 8 indicating that this assumption is not valid.
For this reason, we have also studied the two mutants GA98 and GB98 with Go-models that explicitly assume a folding landscape with two funnels (leading in either the GA or the GB fold). In Figure 10 , we show the time series and energy landscape for a simulation of GA98 in such a two-funnel, allatom Go-model. Both time series of rmsd (with respect to GA and GB fold) and free energy landscape demonstrate that GA98 can assume in this model both the GA and the GB fold, but the free energy of the protein in the GB fold is about 3 k B T higher than that of the protein in the GA fold and comparable to that of the unfolded protein. Note that the free energy changes continuously between the various states, and no obvious barriers can be seen. On the other hand, the corresponding figure for GB98 in Figure 11 unveils a different behavior. Again, the protein can assume both folds, and again the "correct" fold (GB) is favored by about 3 k B T over the competing GA fold whose free energy is also comparable to the unfolded states, but in this case, there is a clearly defined barrier isolating the GA states. This is consistent with the experimental results in which GA98 is also observed with a small frequency in the GB fold but GB98 is not found in a GA fold.
For both GA98 and GB98, a switch from one to the other configuration implies going through the ensemble of unfolded configurations. In the case of GB98, there is a large barrier between the ensemble of unfolded states and the ensemble of configurations with the GA fold and a much smaller barrier between unfolded states and such with a GB fold. On the other hand, for GA98, no such large barrier exists that separates the ensemble of unfolded states from that of configurations in the competing GB fold. Because both proteins differ by a single residue (45LEU in GA98 vs 45TYR in GB98), we can expect that the behavior of this residues leads to the different folding landscapes, that is, creating the barrier for GB98 but not for GA98.
Our first assumption was that residue 45 selects the conformation of the C-terminal segment, which afterward acts as a template for the structure of the N-terminal segment. Such a mechanism was observed in unfolding simulations of the similar mutants GA59 and GB59 (which have only 59% of sequence identity instead of the 98% identity between GA98 and GB98) in ref 36 . However, in our simulations, the observed folding events indicate that folding into the GA structure starts with formation of the three helices that then form interhelical contacts, whereas such into the GB-fold starts with formation of the N-terminal hairpin S1−S2, followed by contacts S1−S4 and later S3−S4 and helix-strand contacts. Although the folding of GA98 is similar to the one observed in unfolding simulations of GA59 by the Daggett group, 36 this is not the case for GB98. The Daggett group concluded that GB59 starts folding by forming first the S3−S4, which becomes stabilized by contacts with the helix and prevents folding toward the helix bundle of the GA fold. Instead, our results indicate that the differences between GA98 and GB98 result from the disparity in that 45LEU and 45TYR form long-range contacts, not from the way they form their local secondary structure contacts. Figure 10 . (a) The rmsd with respect to the GA98 (black) and GB98 (red) structure as a function of time. The corresponding free energy landscape is shown in part b, together with typical structures in the main local minima. The data are from an all-atom Go-model simulation at a folding temperature of T f GA98/GAGB = 111. The Gomodel was modified such that the model has two two global minima corresponding to the GA98 and GB98 structures. This is consistent with an analysis of contacts formed by these residues in the transition regions of Figures 10 and 11 , which indicates that typical helical short-range contacts such as between residues 49 and 49 are formed with similar frequency: 65% in GA98 versus 68% in GB98. The same is true for sheet contacts such as between residues 45 and 52, which are found for GA98 with 33% probability and with 32% for GB98. Similarly, we also find little difference between the transition regions in the frequency of the long-range contacts that stabilize the GB fold. For instance, we find contacts between residues 23 and 45 (helix strand 3) in GA98 with 5% and in GB98 with 4% frequency. However, we find a pronounced difference in contacts between residues 32−35 with residue 45. In the GA fold, the central helix interacts with the C-terminal helix through these contacts. For instance, the hydrophobic contacts between 33ILE and 45LEU are found in GA98 at 48%, but such between 33ILE and 45TYR in GB98 only at 29%. Formation of such contacts between the central and the Cterminal helix follows in the GA fold formation of the secondary structure elements. We conjecture that the reduced probability by 45TYR to form such interhelical contacts is what leads to the barrier in GB98 that protects against the GA fold in this protein. On the other hand, switching from 45TYR to 45LEU increases the frequency of such intrahelical contacts (i.e., favoring the GA fold), but does not change the frequency of the long-range contacts typical for the GB fold. In addition, these contacts (as, for instance, the helix-strand contacts between residues 23 and 45) form late in the process of folding to the GB structure. Formation of these contacts therefore does not constitute a bottleneck in the folding. Hence, the barrier that separates the GB-fold in GA98 is much lower than the one separating the GA-fold in GB98.
■ CONCLUSIONS
We have simulated wild type and mutants of the A and B domain of protein G using all-atom Go-models. Although Gomodels by construction lead to preselected structures as lowestenergy states, our simulations show a clear difference between sequences that "fits" a certain fold and ones that do not. For the wild type GA and GB, simple all-atom Go-model simulations allow study of the folding mechanism of these proteins; however, such models that by construction have only a single folding funnel will fail when the energy landscape of a protein is more complex.
In the case of the mutants GA98 and GB98 that differ only in a single residue but have very different distributions of folded structures, we tried a modified Go-model that incorporates folding funnels to both GA and GB folds. This model not only correctly reproduced the experimentally observed distributions but also revealed details on the folding mechanism in these two mutants. Such multifunnel Go-models may therefore be suitable to study the evolutionary history of proteins or structural transitions in proteins or to incorporate ensemble information into a simulation. For instance, in an upcoming study (Ping, J.; Hansmann, U. H. E.; unpublished results), we study a protein taking into account structural information from a whole NMR ensemble instead of only a single structure.
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